Abstract This paper describes a first attempt at developing a regional flood estimation methodology for Lebanon. The analyses are based on instantaneous flood peak data for the whole country, and cover the period from the start of observations in the 1930s to the start of the civil war in the mid-1970s. Three main flood-generating zones are identified, and regional flood growth curves are derived for each zone using the Generalized Extreme Value distribution fitted by probability-weighted moments.
INTRODUCTION
Estimates of flood magnitudes, and associated return periods (or risk of exceedence), are often required for the design of river defence and reservoir schemes. In Lebanon, since the civil war ended in 1990, many such schemes have been constructed or are at the planning stage. Flood frequency estimates can be derived by statistical analysis of annual maximum or peaks-over-threshold flood series (e.g. Cunnane, 1989) , or by modelling the relationships between rainfall intensity and flood hydrographs for individual events; for example, the unit hydrograph approach (e.g. Sherman, 1942) .
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Both methods require many years of data to sample a wide range of typical flood events, including several extreme events if possible. However, in Lebanon, as a consequence of the war and subsequent difficulties, virtually no river flow data are available from the mid-1970s to 1990, and only one rainfall station (Beirut) was in operation throughout this period. Although good progress has been made since 1990 with rehabilitating the river gauging network, appropriate equipment for gauging high flows (suspension current meters, dilution gauging equipment) has only been obtained recently, and it will still be some years before sufficient new data become available for a meaningful analysis of flood flow behaviour under current conditions.
These data issues present a major problem to engineers involved in designing new water-related schemes in Lebanon. Economic and population pressures mean that construction cannot wait for the necessary data to become available, but adequate flood protection must be planned from the outset and accounted for when assessing the economic viability of a scheme. Although the lack of data in the past two to three decades is perhaps unique to Lebanon (more usually data are only available for recent years), an encouraging observation is that, in the decade immediately before the civil war, the river gauging network was actively expanded to cover most of the country. Also, the available data suggest that this was one of the wettest periods since flow records began in the 1930s (Sene et al, 1999) . There is, therefore, a high chance that, although many flow records may be short, they may contain some of the highest floods of the past 60-70 years.
This paper provides an assessment of how useful these pre-1970s data are in making present-day flood frequency estimates in Lebanon. Only the statistical approach is considered, since the available data, in particular the rainfall data, do not presently support a rainfall-runoff approach except at a few locations. The assessment begins with a brief review of the flood hydrology of Lebanon. The regional distribution of maximum observed floods, and the dependence of flood magnitude on basin area, rainfall, topography and other possible factors, is examined, and an attempt is made to identify regions with a common flood response. These results are compared with published data for nearby regions in the north of Israel. Some example flood growth curves are presented for a subset of river gauging stations with long-term records unaffected by artificial influences such as dams, and the mean annual flood, used to scale the flood frequency curve, is related to basin area to provide a preliminary means of estimating the mean annual flood for basins with no flow data.
FLOOD HYDROLOGY OF LEBANON
Lebanon is in the eastern Mediterranean and is bordered by Israel to the south and Syria to the east and north. The topography and climate are more varied than might be expected from the surface area of 10 400 km 2 (Fig. 1) . The most heavily populated region is the narrow coastal strip, which runs the length of the country and is typically a few kilometres wide. Inland, a high range of mountains runs parallel to the coast and reaches mean heights of 1500-2500 m, with peaks in the range 2500-3088 m, before dropping to the relatively dry Bekaa Valley, at heights of 900-1800 m. The Bekaa Valley lies along a NE-SW fault line, and is at the northern end of the enormous fault line which runs through the Jordan Valley, the Red Sea and the Rift Valley in Africa. Tables 1 and 2. A second mountain range, of similar elevations, lies along the eastern border with Syria. The coastal mountain range is formed mainly from Cretaceous limestones, with many karstic formations, with regions of Jurassic Limestone in the highest areas, and basaltic formations at the northern end (the Horns-Tripoli gap at about 600 m). The mountains to the east of the alluvial Bekaa Valley have a similar geology. In total, there are some 40 major rivers and streams in Lebanon, and many springs, although inland rivers are often ephemeral. Most rivers are in the coastal region, but two of Lebanon's largest rivers, the Litani and Hasbani, rise in the mountains bordering the Bekaa Valley.
Mean annual rainfall varies from 700-1000 mm in the coastal region, to 1000-1400 mm in the coastal and inland mountain ranges, and from 200-600 mm in the northern part of the Bekaa Valley, to 600-1100 mm further south. Rainfall observations began in 1875 at Beirut, and the records for Beirut, together with intermittent records for a few other stations, suggest that the wettest period on record was in the 1960s and early 1970s (Sene et al, 1999) . Also, rainfall data for northern Israel (Steinberger & Gazit-Yaari, 1996) , which borders southern Lebanon, suggests that the period from 1975 to 1990 was much drier than the preceding 15 years. The 1990s have also been dry, with a severe drought in 1999 in much of the Middle East. Rainfall typically falls mainly in a short winter rainfall season from November to April, with little or no rain between June and August. Snow can occur anywhere in the high mountains between October and March, averaging about 10-15 days year" 1 . Thunderstorms sometimes lead to flooding, and occur on 20-30 days during the winter (5-10 days month" 1 ) in most of the country, except in the south where the averages are 5-10 days (1-2 days month" 1 ) (Takahashi & Arakawa, 1981) . Peak rainfall intensities of 140-160 mm day" 1 have been observed on the southeastern slopes of the coastal range, which drain into the River Litani. At lower altitudes, maximum observed rainfalls are lower at around 88 mm day" 1 in Beirut (sea level), 100 mm or more in the hills around Beirut, and 84 mm day" 1 in the Bekaa Valley. In Beirut, peak hourly rainfall intensities of up to 48 mm h" 1 have been observed. Note that all of these values are from 1960s and 1970s publications by the national meteorological service, which is no longer operational. River flows in Lebanon follow the seasonal pattern of rainfall, with most floods occurring during the winter months. However, some sites exhibit peak flows during the spring and summer, possibly due to the delayed effects of snowmelt or a large groundwater component to the flow. The Lebanese hydrological year is defined to run from the months of September to August, and all annual values for flow and rainfall in this paper use this convention.
In terms of infrastructure at risk from flooding, the coastal strip has several major towns and cities, and most are situated on or near rivers which drain from the neighbouring mountains, sometimes with extensive canal systems for public water supply. The main north-south road in the country also passes through this region. In the north of the country, the coastal mountain range decreases in height and there are several major irrigation schemes in the flatter land here. There are also many irrigation schemes in the Bekaa Valley and further south, on Lebanon's main river, the Litani. Many of these are associated with the Qaraoun Dam, which was completed in 1962 and is the only large reservoir in Lebanon. Several new irrigation and hydroelectric schemes are also currently at the planning stage (e.g. El-Fadel et al, 2000) .
Throughout Lebanon, flood flows typically rise and fall in a few hours, and often contain large amounts of sediment and debris (trees, boulders, etc) making accurate gauging of high flows a challenge. During the 1960s and early 1970s, when the hydrometric network was at its peak, both current meters and salt dilution gauging equipment were used routinely for gauging high flows, and project reports for that time generally seem to regard rating equations as useable although, due to the rapidly varying nature of the rivers, often requiring considerable extrapolation for the highest levels. Most sites were equipped with clockwork-driven chart recorders, with the peak level(s) noted for the largest event and converted to instantaneous peak flow(s). As of 1999, the national hydrological archives gave estimated monthly maximum instantaneous flows for some 75 stations up to about 1972, plus some limited data for stations reinstalled since 1990. Data validation checks performed as part of this study included intercomparisons of peak values with daily maximum values and, where appropriate, with peak values at other stations on the same river, spot checks against the original record sheets (where available), and comparisons with values in unpublished project reports from the 1960s and 1970s. Apart from the usual questions about the validity of ratings extrapolated beyond the highest gauged flow, and the problems of missing data, the general impression from these checks was that the measurements at that time followed internationally-accepted procedures and so can form the basis for a regional flood study. However, without access to all of the original raw data, the only way of confirming this is through examining the regional consistency of the data, and this topic is discussed in the remainder of the paper.
REGIONAL DISTRIBUTION OF MAXIMUM INSTANTANEOUS FLOWS
In regional flood frequency analyses, the aim is usually to relate floods of given return periods (e.g. 100 years, 200 years) to an index flood representing the typical annual flood at a site. In common with most other studies, the mean annual flood (MAF) has been used for this exploratory work, although the median is sometimes used as a more robust estimate, less susceptible to rogue outlying values. The scaled values (relative to the index flood) often show some consistency between drainage basins, allowing regional growth curves to be developed, whilst the index values can often be related to easily measured quantities for the basin such as the basin area, mean annual rainfall, maximum JV-day or TV-hour rainfall (N = 1, 2, ...), predominant soil type, geological formations, etc.
To apply these methods, a first step is to search for regional patterns in flood flows to decide which stations to combine in the flood frequency analysis. Ideally, this would be done using estimated magnitudes for floods of a high return period (e.g. 100 years) at a large number of sites across the country but, due to the lack of flood data for Lebanon, this is not possible at present. However, as noted earlier, by chance the short periods of available flood peak data are probably representative of the flood regime over much longer periods; for example, a detailed analysis for a subset of 16 sites in Lebanon with longer-term flow records (see later) shows that, with only a few exceptions, the highest observed flows at each site occurred during the 1960s and 1970s. The maximum observed values from the high flow period in the 1960s and early 1970s therefore provide some indication of the flood-generating potential of drainage basins over longer periods, and one possible route to regionalizing the data.
From the 75 stations in the pre-1974 network, a subset of 53 was selected which were considered likely to represent the natural flood regime of the river. The stations which were excluded from the analysis included stations on canals or at springs, stations at which high flows might be affected by hydropower or irrigation operations, and stations which had been closed by the mid-1960s or earlier. For stations downstream of Qaraoun Dam, records were excluded from 1962 when the dam was constructed. Fig. 2 shows the maximum observed flow at each site during the period of record as a ratio to the site's basin area, with the symbol sizes proportional to these ratios. Encouragingly, some distinct regional patterns are apparent. The highest specific flows occur on rivers which originate in the southern half of the coastal mountain region. Values on the main channel of the Litani River are much lower, as are the few values available for the Bekaa Valley. Values in northern Lebanon, and for tributaries to the west of the Litani River, are generally in between these two extremes. This suggests the possibility of defining three flood-generating zones for Lebanon, in The main distinguishing features of each zone are that Zone A is a high rainfall mountainous area, Zone B is an intermediate region i.e. still mountainous but with lower rainfall and less steep slopes, whilst Zone C is a drier flatter area. In terms of annual rainfall, indicative values for Zone A are 700-1400 mm, 600-900 mm in Zone B and 200-1100 mm in Zone C. Of these three zones, Zone C has the largest variations in topography, climate and river type, and there might be a case for treating the northern Bekaa Valley sites (ephemeral and spring-fed streams, with floods often arising from isolated storms) and the main Litani River (perennial river with large drainage basin and significant flood attenuation), and its headwaters (small mountainous streams), separately. For example, unpublished studies on the Litani, related to construction of the Qaraoun Dam, have found wide variations in the flood response of some of the tributaries to the upper Litani, attributed to the permeable soils and many marshes in parts of this small headwater region. However, at present, the spatial coverage of stations is not sufficient to subdivide Zone C in a more realistic way. It is also interesting to compare these findings with the results of a recent regional analysis for the whole of Israel (Shentsis et al, 1997) . In that study, data were analysed for 67 stations throughout Israel, and 14 regions and sub-regions were identified, based on the 1% exceedence flows for each site relative to the drainage basin area. Those in the regions bordering Lebanon are most relevant to this study, of which there were three described by Roman numerals as follows: (a) Region I -Northern Mediterranean; (b) Region VII -Upper Jordan; (c) Region VIII -Golan.
Region I consists of the northernmost part of Israel west of the Jordan Valley, Region VII is primarily the low-lying upper Jordan Valley which contains Lake Kinneret, whilst Region VIII contains the mountains to the east of the Jordan Valley, which are at the southern end of the inland range on the Lebanon-Syrian border. Region I is further divided into two coastal regions, and a mountain region. The reason for this subdivision was that floods per unit area seemed to be significantly lower in the mountains than on the coastal plain, attributed to differences in soil type, with higher runoff from the alluvial sands, clays and loams of the coast than the more permeable limestones of the mountain regions. Measured maximum rainfall intensities also appear to be lower at higher elevations in northern Israel. For a few basins however, a thin calcareous crust (called "Nari") appears to generate much higher runoff, even exceeding that of the coastal region. Similar geological and rainfall phenomena may also occur in the nearby Lebanese coastal zone (Zone A) and should be considered in making any flood estimates for this zone, although with the limited flood data available at present, it is not possible to see any evidence for these effects.
Although the 1% flood values were not given for each site by Shentsis et al. (1997) , maximum observed flows for most of these sites are presented by Ben Zvi & Azmon (1997) , and values for Region I are plotted on Fig. 3(a) . Encouragingly, apart from the three highest values, there is reasonable agreement with the flow values for the Lebanese Zone A stations. By contrast, an inspection of the maximum flows for Regions VII and VIII did not show any obvious agreement with the neighbouring Zone C in Lebanon; possibly due to the short records available for Lebanon and the wide variations in flood response in this zone (see above). However, these results provide at least a preliminary basis for pooling flood frequency curves from stations within Lebanon and example results are presented in the next section.
FLOOD FREQUENCY ANALYSIS FOR SELECTED STATIONS
The aim of a flood frequency analysis is to fit a mathematical distribution to a sequence of statistically independent flood flow measurements which relates the frequency of flood events to their magnitude. To help overcome the problem of short record lengths, two main approaches have evolved which aim to make best use of the available data. These are: the peaks-over-threshold method, in which all flood events over an arbitrary threshold value are sampled at a single site, and the pooling method which involves combining (pooling) the annual maximum values for many sites in regions with similar flood responses.
Of these two methods, the regional pooling approach is most widely used internationally, although it should be noted that project reports from the 1960s indicate that the peaks-over-threshold method was at that time the standard approach in Lebanon. For both methods, there is no international consensus on the most appropriate frequency distributions to use, with a 1980s international survey (Cunnane, 1989) listing some 10-20 distributions commonly used by national hydrological services around the world. Within Lebanon during the 1960s, the most widely-used distributions were the Gumbel, Frechet and Galton-Gibrat distributions. Further afield, other distributions which have been used in national or regional studies in the eastern Mediterranean and Middle East include the Generalized Pareto (Ben Zvi & Azmon, 1997) and log-Pearson 3 (Shentsis et al, 1997) in Israel, the log-logistic and logPearson 3 in Turkey (Haktanir, 1991) , and the Gumbel distribution in Saudi Arabia (Nouh, 1988) .
For the present study, the generalized extreme value (GEV) distribution has been used. In worldwide reviews (Farquharson et al, 1987 (Farquharson et al, , 1992 Meigh et al, 1997) , this distribution has been applied successfully in many countries, with a wide range of climates and flood characteristics, and has the advantages of being simple to apply but sufficiently flexible to define the three main features of any distribution, i.e. the position, slope and curvature. The GEV distribution function has the form:
where k, u and a are the parameters of the distribution. Curves were fitted by the method of probability-weighted moments (PWM) with the mean annual flood used to scale the annual maximum flows (Hosking et al, 1985) . Of the 53 stations used earlier, a subset of 16 stations in Lebanon was selected for the flood frequency analysis, lying on 11 different rivers. Tables 1 and 2 summarize the main characteristics of these stations whilst their locations are indicated in Fig. 1 . This selection included all available stations in Lebanon for which record lengths were at least 10 years long, flood flows were unlikely to be affected by any artificial influences (e.g. dams, irrigation operations), and the records were thought to be of reasonable quality. The spatial distribution of these stations was rather limited owing to the lack of records meeting the chosen criteria, although fortunately there were at least a few stations in each of the regional groups suggested by Figs 2 and 3. Of the 16 stations, four lie in Zone A, four lie in Zone B, and the remaining eight lie in Zone C. Within Zone C, stations 354, 355 and 356 are on tributaries to the Litani River, station 345 is in the Bekaa Valley at Hermel, and stations 362, 365, 368 and 489 are on the main Litani River. For the Litani stations downstream of Qaraoun Dam, values were excluded from 1962, when the dam came into operation. Note that, in these tables, there is no significance in the apparent grouping of stations, with the gaps between entries arising solely from the differing amounts of descriptive text available for each station on the history and the factors affecting the flood flow regime. Figure 4 compares the flood frequency curves for these three zones. The pooling procedure works surprisingly well for these stations, with little scatter about the curves in each zone although, for both Zones A and B, the PWM fitting procedure gives most weight to the bulk of the data values, which causes the curves to miss the highest two Tables 1 and 2 ).
to three data values. This limits the use of these curves for high flood flows, or long return periods but, given the likely uncertainties in the high flow end of the rating curves for these sites, it was not considered worthwhile to try forcing the curves through these higher values. Also, it is worth noting that, of the 16 stations selected, four are on the Litani River and two are on the Awali, and so exhibit some inter-site dependence. The effects of these cross correlations were not investigated in this study; however, various other studies (e.g. Hosking & Wallace, 1997) have shown that the resulting interdependence in flood peaks tends to increase uncertainty in the flood estimates, without leading to any significant bias in the estimated flood magnitudes. More generally, all three curves are much less steep than the typical regional growth curves for semi-arid and arid regions derived by Farquharson et al. (1992) , including several countries near to Lebanon, e.g. Jordan, Iran, Saudi Arabia and Yemen. However, the main criterion used in that study to select stations for analysis was that the maximum annual rainfall should be less than 600 mm, and only a few regions in Lebanon (e.g. the northern Bekaa Valley) have an annual rainfall less than this. Similar results have been obtained in studies of flood data in Israel (Ben Zvi, 1988) , which suggest that the maximum floods per unit area are significantly higher in regions with low rainfall (less than 400 mm year 4 , say). Figure 5 gives some more insights into the flood behaviour at each site. The figure shows the monthly (January-December) distribution of annual maximum flows at each site, with the size of the histogram bars proportional to the sum of the scaled maxima in each year for the whole period of record. Note that, in this figure, the values reached are not directly comparable between sites, since they depend on the number of observed flood events in the available record at each site. Also, two of the upper Litani stations are excluded for clarity, although all have a similar seasonal response. For most stations, the highest flows occur in January-March, and sometimes December. Snowmelt, which probably occurs during March and April, does not seem to be a major flood-generating mechanism. The only exception to these monthly patterns is Hermel in the Bekaa Valley, at which high flows can occur throughout the year. This must in part be because the River Oronte has a high spring flow component, meaning that flows are much less variable throughout the year than at other sites so that, if unusually heavy rainfall occurs in the spring, summer or autumn, there is already a high 'baseflow' component in the river contributing towards the flood peaks. Also, this station possibly does receive a significant snowmelt contribution at the end of the winter.
ESTIMATION OF INDEX FLOOD AND REGIONAL FLOOD GROWTH CURVES
Many countries have produced national flood estimation handbooks, or flood design manuals, for engineers to use in estimating flood magnitudes at sites of interest. These typically provide a methodology for estimating the index flood (e.g. the mean annual flood) and recommended parameter values for regional flood growth curves. It is debatable whether the currently available data for Lebanon support such an approach, and considerably more checking of the original data would be desirable, both through validating the original chart records and rating curves, and comprehensive intercomparisons between sites. However, the three zones and the fitted growth curves (see Table 3 Preliminary estimates of regional parameters. (1) Table 3 ) presented here provide a preliminary method for estimating flood frequency in Lebanon, provided that the various limitations and uncertainties in the approach are noted. Of course, these curves only give scaled values for the flood of a given return period, so a method is also required for estimating the mean annual flood at each site. Unfortunately, with the exception of the 16 stations used in the flood frequency analysis, most other sites in Lebanon have records which are much shorter than the 10 or more years normally recommended for estimation of the mean annual flood (e.g. Cunnane, 1989) . However, the available data at least give a feel for the magnitude of the mean annual flood and Fig. 6 shows the values calculated from the observed data plotted against drainage basin area. Following Farquharson et al. (1992) , the figure also shows best-fit regression lines calculated using:
The parameter values of the multiplier a and exponent b are given in Table 3 for each zone.
Although both the record lengths and the averaging periods used vary widely between sites, the agreement within Zones A and B is reasonably encouraging. Also, the more reliable estimates for the 16 sites with longer records (indicated by an open symbol) help to confirm the general pattern within each zone. The data for Zone C show more scatter, possibly due to some of the reasons discussed earlier (e.g. short record lengths, qualitative variations in flood response across the zone) and the regression line shown must be regarded as highly speculative, and only suitable for giving a rough idea of the MAF in this region. For all three zones, it is also worth noting that these estimates of MAF may be biased by the large number of stations for which records are only available for the unusually wet 1960s and early 1970s. A detailed analysis for five stations in Lebanon (Sene et al, 1999) suggests that mean annual flows in the period 1964-1972 were some 10-20% higher than the long-term averages for those stations. However, an inspection of Fig. 6 suggests that, at least for zones A and B, the differences in mean annual floods may be somewhat less since, within the general scatter, there is no discernible difference between the values for the • Stations not listed in Tables 1 and 2 D Stations listed in Tables 1 and 2 speculative (see text) Tables 1 and 2). long-term stations (open symbols) and the stations with shorter records (closed symbols). The estimates for the growth curves (Fig. 4 and Table 3 ) and the mean annual flood (Fig. 6 and Table 3 ) together provide a possible basis for obtaining first estimates of flood magnitudes for sites with little or no contemporary data available. Before applying any such regional flood estimation methodology, it would be desirable to make some independent checks on the results obtained. Ideally, this would be against the observed flood magnitudes obtained at the sites which have been rehabilitated since 1990 or for other sites not included in the original analysis but this will have to await validation of the high flow end of the rating equations at each site and collection of new data over the next few years. For now, the best that can be achieved is to apply ) show the comparisons for the mean annual flood and the flood with a 100-year return period (£hoo)-The agreement for both parameters is reasonably good; typically to within 10-20%. Of course, these tests are not truly independent, since the regional method is based on data for the same 16 stations, although note that the MAF regressions also made use of data for the remainder of the 53 sites defined earlier.
CONCLUSIONS
This study has shown that the pre-1970s flood peak data provide a useful first step towards developing a national flood estimation methodology for Lebanon, despite dating from three or more decades ago, and often only lasting for short periods. The data suggest that, for the purpose of regionalizing flood data, there are at least three main zones to consider across the country although, as might be expected, exceptions can be found in each zone. In particular, Zone C does not seem to be a homogeneous region with significant differences between the upper Litani stations and the Hermel station in the northern Bekaa Valley; however, this zone could not be subdivided further with the limited data currently available in this region. Possible local influences from snowmelt, specific geological formations, artificial influences and other features (e.g. urban development) should also be allowed for in any analysis, and checks should be made on whether any land use or other changes have occurred since the 1970s which might have affected flood magnitudes. Also, any post-1990 data available for the river under consideration should be used in the analysis, since the use of recent local data generally provides significant improvements in the accuracy of flood estimates at a site. The availability of such data, and related discharge measurements, is expected to improve rapidly over the next few years as the hydrometric network is rehabilitated.
To refine this methodology further, several useful additional steps could be taken. Firstly, as noted earlier, a more comprehensive data validation exercise should be performed on the pre-1970s data, making use of the original chart and gauging records, where available. Additional rainfall data may also be available in the archives of the former national meteorological service. A search should also be made for anecdotal evidence (e.g. newspaper reports, personal recollections) of high flood flows both before flow measurements started in the 1930s, and during the war years (1970s-1990 ). It may also be possible to widen the regional analysis to include additional rainfall and flood flow records from nearby regions with a similar climate and topography (e.g. coastal Syria, northern Israel, western Jordan, southeastern coastal Turkey, Cyprus) to improve the delineation of flood-generating regions within Lebanon and to derive pooled flood frequency curves applicable in the region. This could be particularly valuable for the more arid regions of Lebanon, such as the Bekaa Valley, where the highest floods may be considerably larger than indicated by the short periods of data available for most sites. For example, national hydrological publications for Israel (e.g. Ministry of National Infrastructures, 1999) indicate several stations in the Jordan Valley with long-term records which might possibly be used in any future regional studies of flood response in southern Lebanon (i.e. Zones A and C). In addition to national archives, another possible source of data for such a regional study could be the World Catalogue of Maximum Observed Floods (Rodier & Roche, 1984) , which is currently being updated to include data up to the end of the last century.
